Abstract
Introduction
In igneous petrology, granite is a prevailing rock-type describing acid plutonic rocks having a particular mineralogy and geochemistry. However, in dimension stone market the term granite includes a variety of igneous and metamorphic rock-types, used as building materials. In recent years, use of granite as a decor material in buildings (indoors and outdoors) and monuments has globally increased, due to its durability and appearance. In this paper, the term "granite" is used for the plutonic rocks under study including granitic and monzonitic as well as gabbroic rocks.
portant subject in environmental radiological protection (Anjos et al., 2005) as it provides the possibility to assess any associated health hazard. This contribution aims at investigating the natural radioactivity level of selected granites from north Greece in order to assess their radiation dose exposure and give information about the potential use of them as building materials.
Materials and methods
The samples studied were taken from Pelagonian zone (Varnountas and Kastoria plutons), Circum Rhodope Zone (Sithonia and Maronia plutons), Serbomacedonian Massif (Mouries pluton) and Rhodope Massif (Vrontou, Elatia, Granitis, Panorama, Xanthi, Philippi, and Leptokaria-Kirki plutons) (Fig. 1) . The mineralogy of the selected samples is presented in Table 1 , while the rock-type along with the location of plutons from which the samples were obtained, is presented in Table 2 . The petrographic classification was based on the QAP tertiary diagram (I. UG.S., 1973) .
Details on the petrography and geochemistry of the above plutonic rocks can be found in Christofides et al., 1998 and references therein, Koroneos, 1991; Grigoriadou et al., 2003; D' Amico et al., 1990 and Christofides et al., 1999. The activity concentration of natural radionuclides was measured by gamma-ray spectrometry for 20 granite samples. Additionally, 29 samples from the same area were used from the literature (Karavasili et al., 2005) .
In particular, the content of 226 Ra, 232 Th and 40 K of each sample was measured, as these occur in relatively high levels in the majority of the building materials and they represent the main external source of irradiation to the human body.
All samples were crushed into grains less than 400 μm in diameter, oven-dried at 60 ˚C to constant weight, well blended and measured using two different high-resolution gamma ray spectrometry systems. The first one consisted of a high purity (HP) Ge coaxial detector with 42% efficiency and 2.0 keV resolution at 1.33 MeV gamma-ray photons, shielded by 4´´Pb, 1 mm Cd and 1 mm Cu and the second one consisted of a low energy (LE) Ge planar detector with 0.7 KeV resolution at 122 keV gamma-ray photons, shielded by 1.3´´Pb, 1mm Cd and 1 mm Cu. The efficiency calibration of the gamma-ray spectrometry systems was performed with the radionuclide specific efficiency method in order to avoid any uncertainty in gamma ray intensities, as well as the influence of coincidence summation and self-absorption effects of the emitting gamma-ray photons. A set of high quality certified reference materials (IAEA, RG-sets) was used, with densities similar to the building materials measured after pulverization. Cylindrical geometry (Ø: 55 mm, h = 20 mm) was used assuming that the radioactivity is homogenously distributed in the measuring samples. The measurement duration was up to 200.000 s and was carried out in the Laboratory of Atomic and Nuclear Physics, Department of Physics, Aristotle University of Thessaloniki.
Results and discussion
The specific activities of -SCEAR, 2000) . As it was expected, the average activity mass concentrations of the radionuclides measured in the granites from northern Greece are above the average activity levels given in the above UNSCEAR, 2000 report for soil (Pavlidou et al., 2006; Karavasili et al., 2005; Stoulos et al., 2003) .
According to UNSCEAR (1993) , the world average of natural radioactivity levels of 40 K, 226 Ra and
232
Th in building materials is 500, 50 and 50 Bq·kg -1 , respectively. Taking into account the measured levels of natural radioactivity in Greek building materials by this study as well as by other Greek researchers (Siotis and Wrixon, 1984, Papastefanou et al., 1984; Pakou et al., 1994; Savidou et al., 1995; Petropoulos et al., 2002) and considering that most of Greek dwellings were constructed mainly by clay bricks and concrete in weight proportion 40-60%, the specific activities of natural radionuclides in building materials that appeared in a typical Greek room are the following: 40 K, 550 Bq·kg −1 ; U-series, 35 Bq·kg −1 and Th-series, 32 Bq·kg −1 (Stoulos et al., 2003) . This means that granites contain a much higher amount of radionuclides presumably caused by the presence of Uand Th-rich minerals in them. For example, tetravalent Th and U may be isomorphously substituting in the Ca position in allanite, sphene and apatite. Ce-rich monazite rivals zircon in common rocks as a ubiquitous and important carrier of Th. To a much lesser extend U, was also found in monazite, apparently also in isomorphic substitution. The situation is reversed in xenotime, where U was generally more abundant than Th. Uraninite and thorianite are two other minerals found in common rocks that are believed to contain Th and U as essential components in regular crystal structural positions (Adams et al., 1959) . According to Faure (1986) , U-and Th-rich minerals can be found in acid igneous rocks than in basic rocks. This can be explained by the incompatibility of both U and Th during partial melting and fractional crystallization processes (Kd<1), leading thus in the remaining of U and Th in the melt and their incorporation in minerals of acid rocks.
Activity concentrations of 40 K, 226 Ra and 232 Th in granite samples from various countries of the world, including Greece, have been compiled from literature and are presented in Table 3 for comparison. The 'world' weighted average calculated from the above measurements has also been used for comparison. The activity concentrations of these radionuclides vary over a wide range. Their average activity concentration in Greek granite samples is below the 'world' average in all cases. The minimum and maximum 40 K were found in the granite from Wadi Karim and Gable El Aradiya in Egypt, respectively. The granite of Gabble Gattar II in Egypt contains the maximum and that of Africa has the minimum 226 Ra. The maximum 232 Th was found in the Pakistani granite and the minimum in the granite of Gable El Aradiya in Egypt.
In order to assess the radiological impact of granites used as building materials, the model of a rectangular parallelepipedon house building 3 m X 3 m X 3m, with infinite thin walls and no doors and windows (standard room model) was commonly considered (UNSCEAR, 1993) , 1993) . These factors were used to calculate the total absorbed gamma dose rate in air at 1 m above the ground level using the following equation:
Ψηφιακή Βιβλιοθήκη Θεόφραστος -Τμήμα Γεωλογίας. Α.Π.Θ. (Chen & Lin 1996) Ψηφιακή Βιβλιοθήκη Θεόφραστος -Τμήμα Γεωλογίας. Α.Π.Θ.
where C U , C Th and C K are the activity concentrations (Bq·kg -1 ) of U, Th and K in the samples. The limiting value of this index is 80 nGy·h -1 (EC, 1999) .
2) Annual effective dose (H E ).
The effective dose rate indoors in mSv·y -1 (Sv=Sievert), is calculated by the following formula:
where D is the calculated dose rate in nGy·h -1 , T is the indoor occupancy time, which implies that 20% of time is spent outdoors, and is equal to 7000 h, and F is the doses conversion factor equal to 0.7 Sv·y -1 . H E should be < 1 mSv·y -1 (UNSCEAR 1993 (UNSCEAR , 2000 .
3) Activity index (AI).
Several authors have proposed formulae to estimate this index. In this study it is calculated on the basis of former USSR and W. Germany criterion (Chen & Lin, 1996) :
AI should be less than 1 mSv. , 1999) has proposed this index which is calculated by the formula:
4) Gamma-ray index (I γ ). European Commission (EC
and is correlated with the annual dose rate due to gamma radiation. Materials having Iγ < 2 would increase the annual effective dose by 0.3 mSv, while for 2 < Iγ < 6, the gamma-ray index corresponds to an increase in effective dose by 1 mSv·y -1
. Building materials used superficially rather than in bulk amounts (tiles, boards, etc.) should be exempted from all restrictions concerning radioactivity, if the excess of gamma radiation originating from them increases the annual effective dose of a member of public by 0,3 mSv at the most. On the other hand, dose rates higher than 1 mSv·y -1 are allowed only in exceptional cases, where materials are locally used. Finally, samples with I γ > 6 cannot be recommended for use in buildings (EC, 1999 Ψηφιακή Βιβλιοθήκη Θεόφραστος -Τμήμα Γεωλογίας. Α.Π.Θ. Table 4 .
The radiological parameters of the basic samples studied (GAE-1, GAE-9, GAE-11, SB-55, NG-5 and MP-6) seem to be below the international dose limiting values. On the other hand, the radiological parameters for two granite samples (MP-90 and G-2 from Maronia and Granitis, respectively) appear to be above limits in all cases except for I γ .
From the worldwide activity concentration data given in Table 3 , hazard indices, as defined above, have been calculated and are given in Table 5 .
Among the 27 countries/locations selected for comparison, granite of 7 countries (including Greece) fulfill the criterion of H E < 1 to be used as building materials. Moreover, the average H E of Greek samples is very close to the minimum H E found. However, since granites are usually used in small quantities in house buildings, they do not induce an activity level exceeding the 1 mSv·y -1 dose limit (Pavlidou et al., 2006) . As far as the AI is concerned, the average value of the samples studied is half than the 'world' average as it was calculated in this report. Finally, considering the values of gammaray index granites from Greece have the fourth lowest value. Only one of the selected countries/locations does not fulfil the criterion of I γ < 6, and consequently, its use as building material is not recommended. This is the case of Gable Gattar II granite in Egypt, where there is U mineralization with high economic potential (El-Shershaby, 2002) .
As the research on the natural radioactivity of the greek granites is in progress it must be noted here that the present results are considered as preliminary.
Conclusions
Twenty granite samples from northern Greece have been measured for their natural radioactivity in order to asses the radiological impact in case they are used as building materials, while 29 more samples were obtained from a previous study. Th and their decay products. Four hazard indices were calculated in order to assess the health risk of using the above samples as building materials. The average of hazard indices of Greek granites is below 'world' average in all cases. Moreover, it is still bellow the criteria of UNSCEAR (2000) . Therefore, at least from radiological point of view and for the investigated rocks, the use of granites from northern Greece as building materials is recommended.
